A methodology for designing a parallel, passive-assist device to augment an active system using energy minimization based on a known maneuver is presented. Implementation of the passive-assist device can result in an improvement in system performance with respect to efficiency, reliability, and/or utility. In previous work we demonstrated this concept experimentally on a single link robot arm augmented with a torsional spring. Here we show that the concept can effectively be applied to more complicated machines performing known periodic motions by simulating a 3-link manipulator arm. The arm can be decoupled prior to optimization using inverse dynamics -greatly simplifying the optimization problem. The addition of optimized springs results in a system-wide decrease in energy consumption of 70.9%. Finally, we consider a distribution of possible maneuvers and use the concepts of robust design to find springs that increase the guaranteed energy savings at a 90% confidence level.
INTRODUCTION
A novel method of augmenting active components (e.g., motors) with optimized passive-assist devices (PADs) (e.g., springs) is presented. The method considers the loading profile of the active system over the course of a known, prescribed maneuver and determines the design of the passive element that would best counteract those forces. In previous work we experimentally demonstrated that an optimized spring augmenting an active joint in a single link robot arm executing a known maneuver can significantly reduce energy consumption [1] . This paper contains two significant contributions that increases the utility of the pre- * Address all correspondence to this author. vious work: 1) the design process is generalized for multi-DOF systems such as multi-link robotic manipulator arms. 2) Perhaps more importantly, many systems will not perform the same maneuver repeatedly. In such instances the design process can consider a distribution of possible maneuvers and finds PAD designs that both perform well on average and are robust against the variation in maneuver.
Motivation and Potential Impact
Today there are over 190,000 industrial robots operating in the United States and each typically consumes over 300 kWh per day [2] . A mere 1% improvement in efficiency would yield tremendous benefits. Our previous work demonstrated the basic maneuver based PAD design concept on a single link robot arm performing a basic task and realized an energy savings of 25% [1] . In this paper we have expanded our method so that it can be applied to multi-DOF robot arms as well.
This approach could be particularly useful for unmanned ground vehicle (UGV) manipulator arms that have two major mechanical shortcomings that can both be improved with the addition of PADs. First, unlike traditional industrial robots, which perform preprogrammed tasks in a well-structured environment and are among the most reliable machines available, the current generation of unmanned ground vehicles exhibit a mean time between failure on the order of 10 hours. UGVs are machines with numerous actively controlled degrees of freedom, and joint or motor problems are a common failure mode. Second, because UGVs are battery powered the energy available on any given mission is limited. Reducing the energy requirements of arm manipulation allows for more power to be spent traversing ground, communicating, performing additional arm maneuvers, or increasing mission length. In a UGV manipulator a PAD can be placed in parallel with motors and designed to reduce the maximum motor torques required for a particular maneuver, thereby increasing efficiency and reliability.
A UGV manipulator arm also distinguishes itself from its industrial cousins because a UGV arm operates in an open environment and performs a variety of tasks instead of precisely repeating maneuvers. However, such tasks can often be restricted to a family of similar trajectories and loads. Consequently, in this paper we show that properly designed PADs can significantly reduce peak torques and, thus, improve reliability and energy efficiency so long as the maneuver being performed is close to the maneuver the PAD was designed for. Furthermore, we present a robust design approach where, if the maneuver can be characterized by a known distribution, a PAD can minimize the effects of maneuver variation on system performance.
Springs in Robotics
The literature on relevant robotic devices containing spring loaded joints can be broadly divided into two categories depending on their function: static balancing and biomechanics/walking robots.
Much of the energy used to manipulate a robot arm is spent overcoming the weight of the arm itself. Parallel springs (or countermasses) can be added to an existing manipulator in such a way so that the potential energy of the arm is constant regardless of configuration. This results in an arm that is effectively weightless, drastically reducing peak torques and energy consumption. A system designed this way is considered to be statically balanced [3, 4] . Applications for static balancing include industrial robots [5] , exoskeletons [6, 7] , as well as non-robotic devices including an architect's desk lamp and a garage door assembly.
Our design method provides two major advantages over static balancing designs. Achieving a statically balanced system is typically difficult to implement on an existing robot arm because additional links [8] or other non-linear devices [9, 10] are typically required. Our method can be effective with a simple PAD (e.g., linear torsion spring) acting at a joint, thereby simplifying the design and implementation without compromising certain regions of the workspace with potential hardware collisions. Our method also has the potential to outperform a statically balanced system because it considers the dynamics and external loading that define a typical maneuver in addition to the weight distribution and kinematics of the arm itself [1] .
Animal skeletal muscle systems are well modeled by springs acting in parallel (internal to muscle tissue) and in serial (tendons) to linear actuators (muscles) [11] . Therefore it is logical that biologically inspired robots often make use of springs. The walking robot ERNIE [12] uses springs acting parallel to the knee joints to reduce average power consumption. The design of ERNIE's springs is a three step process that involves simultaneously optimizing the gait and one spring parameter. By contrast, we simultaneously optimize both spring variables based on a known maneuver in one step.
Mettin et al describe a parallel spring design process for augmenting active joints based on a prescribed trajectory and external forcing [13] . The spring design is a force-displacement curve-fit (FDCF) -a linear least squares approximation to the required force-displacement data. Adding a spring designed this way to a system performing this maneuver will reduce the required effort of the actuator, resulting in an increase in efficiency. Their approach differs from ours primarily in the fact that their spring design is not based on energy minimization. The maneuver-based PAD design process described by Mettin is the state-of-the-art but it is not necessarily a competitor; it can be complementary and used to initialize the optimization step in our design process.
There are four main advantages of optimization over the current, state-of-the-art, FDCF design approach [13] :
1. For certain maneuvers incorporating an FDCF designed spring can increase energy consumption. An energy minimizing design will, at worst, provide no energy savings. 2. Optimization can be used to find designs for a wide variety of non-linear passive-assist devices. 3. Optimization can be easily modified for other design objectives (e.g., robust designs that exhibit less variance in a metric of interest). 4. FDCF designs could call for a spring to have negative stiffness, which is infeasible. Optimization can avoid these designs.
In previous work we compared the performance of FDCF designs to energy minimizing designs and demonstrated the superiority of the latter [1, 14] .
Purpose and Scope
Our previous work describes a method to augment a singlelink robot arm with a torsional spring acting in parallel to the joint powertrain and its experimental verification [1] . Implementation of the torsion spring results in an improvement in system performance with respect to efficiency, reliability, and utility. This paper expands on our previous work by generalizing the PAD design methodology to more complicated actuated systems performing more complicated maneuvers and by designing PADs that are robust against variation in the maneuver.
In this paper we emphasize that the design process works for multi-DOF systems by performing inverse dynamics to decouple the system -converting an n-DOF design problem to n 1-DOF design problems. Because many robots operate in an open environment (e.g., UGVs), we consider a distribution (or family) of known maneuvers and find PAD designs that are robust against variability in trajectory and loading -ensuring (with certain confidence) that significant energy savings can be achieved regardless of maneuver.
The remainder of this paper is organized as follows: First we describe the general passive-assist device design methodology. We then illustrate the process on a 3-link UGV manipulator arm performing a single trajectory. We then show how the performance of this design is affected as the variability of the maneuver increases. We then consider a family of maneuvers and design a PAD to be robust against maneuver variation. Finally, we provide a summary, conclusions, and a brief discussion of future work.
PASSIVE-ASSIST DEVICE DESIGN METHODOLOGY
Our goal is to develop a method to improve the performance of active systems with parallel, optimized, passive-assist devices. There are six main steps to the proposed design method as described below:
Define Machine Architecture Define the architecture of the machine that you wish to augment with a PAD: number of DOFs, link mass and inertia information, and link dimensions. We consider a 3-link manipulator arm similar to the arm on a standard iRobot Packbot. Parameters characterizing this system are listed in Table 1 . 
Define Trajectory and External Forcing
The trajectory and external forcing of the machine (collectively referred to as the maneuver in this paper) must be known in order to design PADs with this method. This method is most effective when the maneuver is precisely repeated thousands or millions of times -as is often the case with dedicated manufacturing machines. However, a substantial increase in performance may still be realized if the maneuver is not precisely known so long as the prescribed maneuver is typical of actual maneuvers [1] . 
FOLLOW THE TORQUE-ANGLE PROFILES (SOLID BLUE). THE PADS THAT MINIMIZE THE ENERGY CONSUMED BY EACH MOTOR (DASH-DOT RED) CAN BE DESIGNED FOR EACH JOINT INDEPENDENTLY.
Perform Inverse Dynamics / Decouple Joints Given the machine's architecture, trajectories of all joints, and the external forcing, a set of joint torque-angle profiles can be calculated using inverse dynamics. This step transforms an n-DOF system into n 1-DOF systems (see Fig. 2 ). PADs can then be designed for each joint independently. This step is simple for Cartesian machines [14] , but can be complex for other machines such as the robot arm presented here.
Although performing inverse dynamics on a multi-link robot arm is not trivial, it can be easily and quickly accomplished using available techniques [15, 16] or software packages such as Corke's robotics toolbox for MATLAB, which performs inverse dynamics with a Newton-Euler recursion algorithm [17] .
The 3-link UGV arm described in Tab. 1, executing the maneuver described in Tab. 2 and Fig. 3 needs to produce the torqueangle profiles at each joint (solid blue) shown in Fig. 2 . The PAD can supply some of the torque required to execute the maneuver (dash-dot red), reducing the load required of the motor and the energy consumed. However, the total torque acting on the joint remains the same and, thus, the PAD design of one joint has no effect on the design of PADs for other joints.
Select Passive-Assist Device Topology There are many different PAD configurations that could be considered including springs, pistons, pressurized tanks, capacitors, etc. For a moderately sized mechanical system a spring is a practical choice for a PAD. However, there is still a large degree of different spring topologies (torsional; linear; some combination of strings, pulleys, and springs, etc.). Different topologies provide different inherent strengths and weaknesses (e.g., as topological complexity increases absolute performance will likely increase but so will design complexity, cost, and implementation difficulty). Selecting a topology should be done by taking into consideration the machine architecture (e.g., rotational joints should use torsion springs while prismatic joints should use extension springs) and packaging constraints. Once a topology is selected the variables that define the behavior of that PAD become the design variables in the optimization step.
Because each joint is rotational we will design PADs that are linear torsion springs of stiffness, k, with preload, T 0 , with the following torque characteristic:
Model Each Joint's Powertrain In order to design a PAD that minimizes an objective function, f (k, T 0 ) the parameters defining the joint powertrain must be known beforehand. There are many designs that could be considered and we present a representative case. A typical UGV arm joint powertrain could include the following components: non-backdrivable worm gear, gear head, and DC motor. In addition to providing a speed reduction the worm gear allows the arm to remain stationary in a raised configuration without expending any energy. The torque needed to drive the worm, T w , of a non-backdrivable worm gear transmission given the required torque at the joint, T , can be calculated from the following equation of motion [18] :
where J w , J g are the inertia of the worm and worm gear, respectively, i wg is the speed ratio, and C 1 , C 2 are the torque ratios of the load driven and motor driven cases, respectively. Which operating condition is active can be determined at each time step [1] . The gearhead and DC motor can be modeled as in our previous work for a single-joint robot arm [1] : 
where i, V , and P e are the motor current, voltage, and electrical power required at each time step, n is the gear ratio, and R, k m , and T f are the motor resistance, torque constant, and internal friction torque, respectively.
Passive Device Optimization The final step of this methodology is optimization of the PAD design. In this example we wish to find a linear torsion spring that minimizes motor energy consumption. Thus, we formulate the following gradient based optimization problem:
We solve this problem with MATLAB's built in function fmincon initialized with the FDCF design. The motor performance limit constraints are typically inactive. However, including these con-straints in the problem ensures that we are only testing feasible maneuvers.
PAD DESIGN FOR A NOMINAL MANEUVER
UGVs operate in uncertain environments and their manipulator arms are expected to be able to execute many different maneuvers. However, some types of maneuvers are much more common than others. For example, the arm is always stored in the same configuration (see (A) in Fig. 3 ) and the arm is typically raised slightly (B) while driving as to provide a better camera angle for the operator. The arm may also be used to lift the camera as high as possible (D) to achieve a superior point of view while stationary, to check under vehicles (C), and to lift an object from the ground (E 1 ) onto a higher surface (E 2 ). Of course the arm could be used to perform other tasks, but it usually will be performing a task similar to the ones listed above. We define a nominal maneuver that progresses through the following configurations: A-B-C-B-D-B-E 1 -E 2 -B-A. When at each stage the arm is at rest and when moving between stages the joint angles follow a 5 th order polynomial trajectory. The time to execute each submaneuver and the lifted mass are listed in Table 2 . For this nominal maneuver only the mean values of each parameter are used. For this nominal maneuver, energy minimizing PADs can aid Joints 1, 2, and 3 by 78.9%, 65.4% and 39.8%, respectively. These values are significantly higher than values found in previous work [1] . This is mostly because the torque angle data for the robot arm joints in this paper arm can be more closely approximated by a linear torsion spring than the corresponding data in previous work where a single joint was unloaded during descent and loaded during ascent. Different powertrain values also account for some of the difference. Optimizing the PAD and powertrain simultaneously will be the subject of future work. 4 illustrates the effect that adding an energy minimizing PAD has on the motor of Joint 1. The spring is able to supply much of the required torque, reducing the effort required from the motor. Consequently, the required power and energy consumed also decrease. The other joints can be analyzed the same way.
ROBUST PAD DESIGN
A robust design is one where the expected outcome is not sensitive to variance. The design could be made robust against internalities (e.g., machine tolerance) or against externalities (e.g., changes in maneuver). Both of these are important, but which is more important depends on the application. Designing to be robust against internalities is important if a variation in the optimally designed component could violate a design constraint. For example, when designing a pipe it may be desirable to make the walls as thin as possible to reduce weight while satisfying a maximum allowable stress constraint. If the pipe is then manufactured slightly thinner than optimal (perhaps due to machine 
. REQUIRED MOTOR TORQUE (TOP) AND POWER (BOT-TOM) TO EXECUTE THE NOMINAL MANEUVER WITH NO SPRING (SOLID BLUE) AND WITH AN ENERGY MINIMIZING SPRING (DASH-DOT RED). THE MANEUVER STARTS AND ENDS IN A STORED CON-FIGURATION (A) (SEE Fig. 3) AND PROGRESSES BETWEEN THE OTHER CONFIGURATIONS AS SHOWN ON THE MOTOR TORQUE PLOT.
tolerance), it would be too weak, resulting in a poor product. This could be avoided by accounting for such possible variations in the optimization process. This is making the design robust against internal variance and is at the core of reliability based design optimization (RBDO) [20, 21] . In the case of a UGV manipulator arm being augmented with a linear spring, variations in the spring and robot design itself are likely insignificant compared to variations in the maneuver (i.e., trajectory and loading). Therefore, we expect any changes in performance to be primarily caused by changes to the maneuver and will only focus on these effects for the remainder of this chapter.
Effect of Increased Maneuver Variability on Nominal Energy Minimizing Design
In order for a PAD to be of real use it needs to provide significant assistance for all likely maneuvers, not just one. In general as maneuver variability goes up, the number of maneuvers where the nominal energy minimizing PAD provide assistance will decrease. To demonstrate this point we consider two maneuver distributions: the first maneuver distribution -Variable Parameters -is the nominal maneuver altered such that each parameter is described by a normal distribution with mean and standard deviation as listed in Table 2 . The second maneuver distributionRandom Submaneuvers -considers the same distribution of parameters and also considers a different sequence of stages than in the nominal case. Instead of executing one raised arm submaneuver (B-C-B), one lowered arm submaneuver (B-D-B), and one lifting submaneuver (B-E 1 -E 2 -B); the arm executes three submaneuvers and each one has a 1/3 chance to be a raised arm, lowered arm, or lifting submaneuver (e.g., 1/27 of maneuvers in this distribution involve lifting a load three times). Each distribution is implemented via a Monte Carlo approach, where performance metrics are calculated based on 1,000 individual maneuvers.
To compare PAD performance across different maneuvers or maneuver distributions we consider several performance metrics. First, the energy required to execute a single maneuver:
Similarly, E is a vector containing the energy required to execute each simulated maneuver within a distribution such that
The objective of our nominal optimization, (4), is to minimize E.Ē and σ(E) are the average and standard deviation of energy consumed over a distribution of maneuvers, respectively. We also consider the percent energy saved by adding a PAD compared to a no-spring design for a single maneuver:
S is the analogous vector for a distribution of maneuvers:
Finally, we measure the n th percentile of energy saved:
For example, 10 th percentile of energy saved corresponds to z(0.10) = −1.28. A high value of C(S) corresponds to a PAD design that is effective at increasing system performance over a wide range of maneuvers. Table 3 shows that the average energy saved stays nearly constant as variance increases because the two distributed cases vary evenly about the nominal maneuver by construction. A smaller σ(E) corresponds to a narrower energy distributionallowing for the energy consumed when executing a maneuver to be predicted more accurately. As expected, σ(E) increases as the distribution of maneuvers becomes more varied. An alternative measure of variability, C(S), is the energy saved in the 10 th percentile (7) . In other words, we can guarantee with 90% confidence that implementing an energy minimizing spring on Joint 1 executing the Random Submaneuvers distribution will use at least 63.7% less energy than a springless design. Table 3 shows that PAD performance is susceptible to variability in the maneuver. A robust PAD design would perform more consistently despite such variability. The traditional robust design objective looks to simultaneously minimize both an average objective and the variance in that objective [22, 23] . For our purposes we would seek to minimize both average energy and variance in energy:
Robust Optimization Objective Function
where w is the weighting of the two objectives. If w = 0, then the goal is only to minimize the average energy, while w = 1 corresponds to minimizing variance in energy only. Although minimizing variance is good by making system performance more predictable, it is often at the expense of the average, resulting in a system that is predictably mediocre (or even bad). When executing maneuvers that differ from the nominal design case, a PAD can save more energy on some maneuvers and less on others. If a maneuver being performed is much less demanding than the maneuver for which the PAD was designed, implementation of the PAD can actually decrease the performance of the system. Saving more than the average energy is fine, but we want to avoid situations where the PAD performs poorly or is a detriment to the system. Thus, we formulate the following robust objective function that balances minimizing mean energy consumption and maximizing the energy we are guaranteed to save with 90% confidence (a higher confidence level would result in a more robust system): Table 4 shows how increasing the weight, w, of the robust objective function shifts the emphasis from minimizing average energy consumption to maximizing the guaranteed energy savings at a 90% confidence level. The set of optimal designs form a Pareto curve. This trade-off is illustrated for Joint 3 in Fig. 5 . For Joint 3, a PAD can be designed to be significantly more robust against variations in the maneuver. In Joints 1 and 2, the energy minimizing design is, coincidentally, almost exactly the same as the most robust design. 6 illustrates why we chose an alternative robust design objective function (9) instead of the standard one (8). If we had used (8) for our robust design we would have generated a pareto curve that begins at the minimum point of the left plot (average energy) and goes to the minimum point on the right plot (standard deviation of energy). Minimizing avarage energy is a useful objective. However, minimizing standard deviation corresponds to an average energy savings of a mere 3.2% for Joint 3. Forcing the design in this direction effectively pulls the energy savings down to low uniform level. By contrast, our robust design attempts to pull the performance of the poor performing maneuvers up to the average level.
CONCLUDING REMARKS
We have proposed a general methodology to increase the performance of active systems by augmenting them with optimized, parallel, passive-assist devices. This concept was previously experimentally demonstrated on a single link robot arm augmented with a torsional spring [1] . Here we showed that the concept can effectively be applied to more complicated machines performing known periodic motions by simulating a 3-link UGV manipulator arm executing a representative sample of typical missions. The torques and energy required of the motor at each joint can be decoupled from the rest of the manipulator arm prior to optimization. This simplifies the problem from an n-DOF problem to n 1-DOF problems. We then found that by adding energy minimizing PADs (torsion springs) we achieved joint energy savings of 39-79% and a total system energy savings of 70.9%. This energy savings is substantial; a UGV that may have only had enough battery energy to perform one arm maneuver could now perform three, greatly increasing utility. Most importantly, we showed that PADs can be designed to be robust against variations in the maneuver -substantially increasing the guaranteed energy savings at a 90% confidence level.
Given the ever-growing number of automated machines (robots, machining systems, material handling, etc.) the approach proposed here can have a major impact by increasing energy efficiency. Some machines execute maneuvers that vary so much that the addition of a PAD designed by this approach will have negligible impact on performance. However, while many automated systems perform a variety of tasks, such tasks are often similar; that is, the range of trajectories and loads is limited. Therefore, PADs optimized for a particular maneuver can be effectively deployed on these systems so long as the particular maneuver is typical of the trajectories and loads of the augmented system [1] . Furthermore, we have presented a robust PAD design approach for systems where the maneuver can be described by a known distribution.
The utility of this research can be further extended in future work. Throughout this paper we have only considered ideal linear springs for our PADs. We could consider more complex PADs such as nonlinear springs. If our approach is applied to larger systems it could be important to include spring mass and spring losses as well. Finally, this approach could be applied to non-mechanical passive devices including electrical components like capacitors.
In many situations a machine will perform the same task many times and performance can be further enhanced by simultaneously optimizing the maneuver and the PAD. Performance may also be enhanced by optimizing the PAD and powertrain simultaneously [1] . This increases the scope of the problem from the improvement of an existing artifact (by the addition of PADs) to full artifact design, perhaps including controller design.
